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18  ABSTRACT 

19 

20  Milled  wood  lignin  extracted  from  poplar  wood  was  subjected  to  a  heat  treatment  in  the 

21  temperature  range  of  150  to  300  °C  at  50  °C  intervals.  The  results  of  several  chemical 

22  characterizations  (proton  nuclear  magnetic  resonance  (' H-NMR),  derivatization  followed  by 

23  reductive  cleavage  (DFRC),  elemental  composition)  and  thermogravimetric  analysis  revealed 

24  that  cleavage  of  the  P-O-4  linkage  accompanied  by  condensation  and  a  charring  reaction 

25  occurred  during  the  heat  treatment,  leading  to  the  formation  of  a  thermally-stabilized  lignin  at 

26  300  °C  (300-L)  with  enrichment  of  the  condensed  carbon-carbon  bond.  Pyrolysis-GC/MS 

27  data  showed  that  41  kinds  of  pyrolysis  products,  mainly  composed  of  monomeric  phenols, 

28  were  released  from  the  heat-treated  lignin,  and  the  yield  of  such  products  was  significantly 

29  dependent  on  the  lignin  sample  and  the  pyrolysis  temperature.  The  maximum  yield  of  total 

30  pyrolysis  products  from  300-L  was  obtained  at  a  pyrolysis  temperature  of  600  °C,  whereas 

31  the  maximum  yield  from  the  other  samples  was  observed  at  500  °C  due  to  the  high  thennal 

32  stability  and  degree  of  condensation  of  300-L.  Moreover,  the  pyrolysis-GC/MS  results 

33  suggested  that  the  side  chain  in  the  phenol  skeleton  (C3C6)  was  considerably  degraded  at 

34  300  °C,  resulting  in  the  accumulation  of  a  C6/ClC6/C2C6-type  lignin  structure  in  the  300-L 

35  sample.  With  an  increase  in  the  pyrolysis  temperature,  the  syringyl/guaiacyl  (S/G)  ratio  of  all 

36  lignin  samples,  as  determined  from  the  pyrolysis  products,  constantly  decreased  due  to  an 

37  increase  in  G-type  compounds  released  in  the  high  temperature  region. 

38 

39  Keywords:  Lignin,  Torrefaction,  Heat-treatment,  TGA,  DFRC,  Pyrolysis-GC/MS 
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40 


41  1.  Introduction 

42  Lignin  is  the  second  most  abundant  natural  polymer  after  cellulose,  and  it  accounts  for 

43  10-30  wt%  of  lignocellulosic  biomass.  Structurally,  lignin  is  a  three-dimensional  amorphous 

44  macromolecule  consisting  of  three  types  of  monolignols  (p-coumaryl  alcohol,  coniferyl 

45  alcohol,  and  sinapyl  alcohol)  with  various  inter-unit  linkages,  including  ether  linkages  (e.g., 

46  a-O-4,  5-0-4,  and  P-O-4)  and  condensed  linkages  (e.g.,  5-5,  P-P,  P-5,  and  P-1  linkages)  [1]. 

47  Recently,  many  researchers  have  shown  an  increased  interest  in  lignin  utilization  because 

48  approximately  50  million  tons  of  lignin  is  produced  globally  each  year  as  a  by-product, 

49  especially  from  chemical  pulping  processes  in  the  pulp  and  paper  industry  [2].  Due  to  the 

50  inherent  structural  properties  of  lignin  (a  phenolic  polymer),  the  application  of  lignin  to 

51  value-added  materials  (e.g.,  stabilizers,  carbon  fibers,  dispersing  agents,  thermoplastics,  and 

52  fusible  materials)  or  fuel/aromatic  chemicals  has  been  widely  studied  [3-6]. 

53  The  structural  characteristics  of  lignin,  especially  the  contents  of  its  functional  group,  the 

54  molecular  weight,  elemental  composition,  and  thermal  decomposition  properties,  are  an 

55  important  factor  in  detennining  the  physicochemical  properties  of  the  target  products.  Kubo 

56  and  Kadla  [7]  investigated  the  effect  of  the  biphenolic  structure  of  lignin  on  the  blend 

57  miscibility  and  polymer-polymer  interactions.  The  researchers  reported  that  the  flexible 

58  alkoxyl  moiety  in  the  Ca  and  Cy  positions  of  the  lignin  side  chain  enhanced  the  thermal 

59  mobility  of  the  lignin  [8],  Saraf  and  Glasser  found  that  the  phenolic  hydroxyl  content  and  the 

60  molecular  weight  of  lignin  had  a  profound  effect  on  the  tensile  strength  of  lignin-based 

61  polyurethane  films  [9],  In  addition,  thermally-modified  lignin  having  a  low  hydroxyl  content 

62  and  a  condensed  structure  was  advantageous  to  the  production  of  lignin-based  carbon  fiber 

63  [4].  Therefore,  an  in-depth  study  of  the  structural  features  and  thermal  decomposition 
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64  properties  of  lignin  must  be  conducted  before  its  widespread  utilization. 

65  Pyrolysis-GC/MS  is  a  powerful  analytical  tool  that  can  be  applied  to  investigate  the 

66  lignin  structure  based  on  the  pyrolysis  products,  specifically  with  regards  to  the  proportion  of 

67  H-,  G-,  and  S-type  monomeric  phenols  [10].  During  pyrolysis,  lignin  is  thermally  degraded  to 

68  low  molecular  weight  phenols  by  exposure  to  heating  in  an  inert  atmosphere,  and  these 

69  pyrolysis  products  provide  information  on  the  structure  of  the  lignin  [11].  The  method  also 

70  has  several  analytical  advantages,  including  simple  preparation  with  a  small  sample  quantity 

71  (pg  scale)  and  rapid  analysis  times  [12].  In  recent  years,  interest  in  the  lignin  or  biomass 

72  structure  using  pyrolysis-GC/MS  analysis  has  increased  [13-16]. 

73  The  use  of  heat  treatment  is  one  technique  to  modify  the  chemical  and  structural 

74  characteristics  of  biomass.  Torrefaction  is  a  one  of  thermal  pretreatment  process 

75  performed  in  the  temperatures  of  200  -  300  °C  under  an  inert  atmosphere  to  improve 

76  energy  density  of  biomass  [17].  Prins  et  al.  [18]  reported  that  the  kinetics  of  torrefaction 

77  reactions  of  hemicellulose  and  cellulose  in  the  temperature  range  of  230  -  300  °C.  This 

78  study  highlighted  that  hemicellulose  was  much  easily  decomposed  than  cellulose.  In  the 

79  perspective  of  lignin,  acting  as  glue  in  torrefied  biomass,  many  previous  studies  revealed 

80  that  the  cleavage  of  P-O-4  linkages  (depolymerization)  coupled  with  condensation,  a  change 

81  in  the  functional  group  content,  the  formation  of  cross-linking,  and  loss  of  the  oxygenated 

82  structure  occurred  upon  the  application  of  a  heat  treatment  [19-22],  However,  these  studies 

83  used  the  entire  biomass  as  the  raw  material  and  thus,  there  is  a  lack  of  research  dealing  with 

84  only  the  lignin  fraction  after  heat  treatment.  Furthermore,  far  too  little  attention  has  been  paid 

85  to  investigating  the  heat-treated  lignin  structure  via  the  pyrolysis-GC/MS  technique.  In  this 

86  study,  only  the  lignin  fraction  extracted  from  poplar  wood  (milled  wood  lignin:  MWL)  was 

87  subjected  to  a  heat  treatment.  These  samples  were  then  analyzed  by  several  chemical/thermal 
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88  characterization  methods  and  a  pyrolysis-GC/MS  instrument  so  as  to  predict  the  structural 

89  change  in  the  lignin  after  heat  treatment. 

90 

91  2.  Materials  and  Methods 

92  2.1  Preparation  of  milled  wood  lignin  and  heat  treatment  of  the  lignin 

93  MWL,  one  of  the  representative  native  lignins,  was  extracted  from  poplar  wood  xylem 

94  ( P.  albaglanclulosa)  based  on  the  Bjorkman  method  [23].  The  yield  of  MWL  was  ca.  5.5  % 

95  based  on  the  dry  weight  of  the  poplar  wood  xylem.  Details  of  the  heat  treatment  process  were 

96  described  in  previous  work  [24],  Briefly,  100  ±  5  mg  of  MWL  was  introduced  into  a 

97  cylindrical  glass  tube  and  a  thermal  treatment  was  carried  out  with  a  CDS  Pyroprobe  1500 

98  interface  (CDS  Analytical,  Oxford,  PA,  USA)  under  a  sufficient  flow  of  helium.  The  heat 

99  treatment  temperature  was  varied  from  150  to  300  °C  at  50  °C  intervals  with  the  treatment 

100  time  fixed  at  10  min.  The  lignin  heat-treated  at  different  temperatures  are  abbreviated  as 

101  control  (MWL),  150-L  (150  °C),  200-L  (200  °C),  250-L  (250  °C),  and  300-L  (300  °C). 

102 

103  2.2  Derivatization  followed  by  reductive  cleavage  (DFRC) 

104  To  investigate  the  frequency  of  arylglycerol-b-aryl  ether  linkages  ((3-0-4),  heat-treated 

105  lignin  samples  were  examined  by  the  DFRC  method  [25].  As  essential  DFRC  products, 

106  acetylated  coniferyl  (G-CFUCFICFLOAc)  and  sinapyl  alcohol  (S-CFUCFICFLOac)  were 

107  produced  and  their  amounts  were  quantitatively  determined  by  the  GC  analysis  method,  as 

108  reported  in  previous  research  [26]. 

109 

110  2.3 1H-NMR 

111  Proton  nuclear  magnetic  resonance  ('H-NMR)  spectra  were  obtained  with  a  Bruker 
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112  AVANCE  600  spectrometer  (Bruker,  Germany).  For  these  experiments,  150  mg  of  heat- 

113  treated  lignin  dissolved  in  DMSO-d6  was  analyzed  at  an  operating  temperature  of  60  °C  with 

114  128  scans. 

115 

116  2.4  Thermal  decomposition  analysis 

117  The  thennal  decomposition  properties  of  the  heat-treated  lignin  were  detennined  via 

118  thennogravimetric  analysis  (TGA).  In  this  analysis,  sample  under  500  pm  was  selectively 

119  used.  The  TGA  was  carried  out  at  three  different  heating  rates  of  10,  100,  and  200  °C/min  up 

120  to  a  temperature  of  800  °C.  During  the  analysis,  a  continuous  flow  of  No  gas  (25  mL/min) 

121  was  maintained  to  ensure  an  inert  atmosphere. 

122 

123  2.5  Pyrolysis-GC/MS  analysis 

124  To  begin,  1.00  ±  0.05  mg  of  heat-treated  lignin  was  introduced  into  a  quartz  tube  with  a 

125  1  pL  internal  standard  (IS:  1.3  mg  of  fluoranthene/mL  in  methanol),  followed  by  drying  in  a 

126  vacuum  desiccator  for  24  h  to  remove  any  water  or  solvent  in  the  prepared  samples.  The 

127  samples  were  pyrolyzed  at  various  temperatures  (400  to  600  °C  at  50  °C  intervals  and 

128  700  °C)  with  a  10  °C/ms  heating  rate  in  an  inert  atmosphere  (>99.9%  He)  using  a  CDS 

129  Pyroprobe  2000  (CDS  Analytical  Inc.,  Oxford,  PA,  USA);  the  pyrolysis  time  was  fixed  at  20 

130  s.  The  released  volatile  products  were  analyzed  online  using  a  gas  chromatograph  (Agilent 

131  Technologies  7890A)  equipped  with  a  mass  spectrometer  detector  (Agilent  Technologies 

132  5975A).  A  DB-5  capillary  column  (60  m  x  0.25  mm  ID  x  0.25  pm  film  thickness)  was 

133  employed  for  volatile  product  separation  with  a  split  ratio  of  1 :200.  The  pyrolyzer  interface,  a 

134  gas  chromatograph  injector,  and  the  detector  temperatures  were  set  to  300,  320,  and  300  °C, 

135  respectively.  The  oven  temperature  program  started  at  50  °C  for  1  min,  followed  by  a  ramp 
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136  up  to  130  °C  at  a  heating  rate  of  3  °C/min,  and  a  further  increase  to  180  °C  at  a  rate  of 

137  1.5  °C/min.  Next,  the  temperature  was  raised  to  280  °C  at  a  rate  of  6  °C/min  and  maintained 

138  for  5  min.  Finally,  the  temperature  was  increased  to  320  °C  for  10  min.  The  mass  spectra  of 

139  each  compound  were  identified  according  to  NIST  MS  Search  2.0  (NIST/EPA/NIH  Mass 

140  Spectral  Library;  NIST  02)  with  a  proper  reference  [27].  For  quantification  of  the  identified 

141  compounds,  18  types  of  authentic  compounds  (phenol,  guaiacol,  4-methylguaiacol,  3- 

142  methoxy-l,2-benzenediol,  4-ethylguaiacol,  4-vinylguaiacol,  syringol,  4-propylguaiacol, 

143  vanillin,  isoeugenol,  4-methylsyringol,  acetoguaiacon,  4-ethylsyringol,  4-vinylsyringol, 

144  syringaldehyde,  methoxyeugenol,  coniferaldehyde,  and  sinapadehyde)  were  purchased  from 

145  Sigma  Aldrich  and  injected  into  the  GC-FID  to  determine  the  response  factor  (RF)  between 

146  each  authentic  compound  and  the  IS  [28].  Detailed  method  for  quantification  of  each 

147  compound  is  described  in  supplementary  information. 

148 

149  3.  Results  and  discussion 

150  3.1  Structural  characteristics  of  heat-treated  lignin 

151  In  our  earlier  study,  we  reported  that  a  weight  loss  of  up  to  19%  (300  °C)  occurred  during 

152  heat  treatment  due  to  a  loss  of  terminal  phenolic  groups  in  the  lignin  polymer  and  cleavage  of 

153  the  side  chain  (C3:  Ca-Cp-CY)  from  the  phenol  skeleton  (C6)  [24].  In  addition,  a  visual  color 

154  change  was  noted  in  the  lignin  before  and  after  heat  treatment  (as  shown  in  Fig.  SI). 

155  Therefore,  spectroscopic  ('H-NMR),  elemental,  and  DFRC  analyses  were  carried  out  to 

156  investigate  structural  changes  in  the  lignin  after  the  heat  treatment. 

157  Fig.  S2  shows  the  1  H-NMR  results  obtained  for  the  heat-treated  lignin.  Firstly,  it  could  be 

158  confirmed  that  250-L  and  300-L  had  broader  and  less  sharp  peaks  when  compared  to  the 

159  other  samples  because  of  their  low  solubility  in  DMSO-d6.  This  implies  that  the  structural 
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160  rearrangement  of  the  lignin  occurred  internally  during  the  heat  treatment.  Nevertheless,  the 

161  peaks  near  6.7  ppm,  derived  from  aromatic  hydrogen,  revealed  that  all  heat-treated  lignins 

162  maintained  an  aromatic  structure.  Notably,  the  peaks  originating  from  Hp  and  Hy  of  the  P-O-4 

163  structure  gradually  decreased  and  even  disappeared  for  300-L  due  to  excessive  condensation 

164  reactions  or  charring  of  the  lignin  [29]. 

165  It  is  well  known  that  the  frequency  of  the  P-O-4  linkage,  which  accounts  for  40-65%  of 

166  lignin,  significantly  influences  the  chemical  and  physical  properties  of  the  lignin  [30,  31]. 

167  Thus,  a  DFRC  analysis  was  performed  to  determine  the  frequency  of  the  P-O-4  linkage  in 

168  heat-treated  lignin;  the  results  are  presented  in  Table  1.  As  shown  in  the  table,  the  DFRC 

169  products  of  the  heat-treated  lignin  gradually  decreased,  whereas  the  syringyl/guaiacyl  (S/G) 

170  ratio  increased,  which  is  consistent  with  the  findings  of  previous  work  [24],  The  decrease  in 

171  DFRC  products  may  be  attributed  to  a  concurrent  condensation  reaction  and  the  cleavage  of 

172  P-O-4  linkages  at  high  temperature  (Fig.  S5)  [32,  33].  In  addition,  the  increase  in  the  S/G 

173  ratio  with  increasing  heat  treatment  temperature  is  indicative  of  the  preferential  contribution 

174  of  G-type  lignin  fragments  to  the  condensation  reaction,  as  such  fragments  have  electron-rich 

175  positions  (C-5),  whereas  the  C-5  position  of  S-type  lignin  fragments  was  substituted  with  a 

176  methoxyl  group  [34], 

177  A  van  Krevelen  diagram  showing  the  H/C  and  O/C  ratios  of  the  heat-treated  lignin  is 

178  displayed  in  Fig.  1.  From  this  result,  structural  changes  as  well  as  the  various  reactions  that 

179  take  place  during  heat  treatment  can  often  be  predicted.  The  MWL  from  poplar  wood  (i.e., 

180  the  control)  had  H/C  and  O/C  ratios  of  1.22  and  0.48,  respectively.  Such  values  were  higher 

181  than  those  of  other  technical  lignins  such  as  organosolv  lignin,  ionic  liquid  lignin,  and  klason 

182  lignin  extracted  from  the  same  biomass  species  [35].  The  obtained  results  imply  that  MWL 

183  had  a  relatively  less  condensed  structure  than  the  other  lignins.  With  an  elevation  of  the  heat 
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184  treatment  temperature,  both  the  H/C  and  0/C  ratio  decreased  significantly.  As  a  result,  300-L 

185  had  the  lowest  H/C  and  O/C  ratios  (1.07  and  0.35,  respectively),  indicating  that  the  sample 

186  had  a  highly  condensed  and  weakly  reactive  structure.  This  structural  properties  of  300-L 

187  were  beneficial  for  the  production  of  carbon  fibers  [4]. 

188 

189  3.2  Thermal  decomposition  behavior  of  heat-treated  lignin 

190  The  thennal  decomposition  behavior  of  the  heat-treated  lignin  was  investigated  via  TGA 

191  under  different  heating  rate  conditions  (10,  100,  and  200  °C/min).  Table  2  shows  the 

192  formation  rate  of  residual  char  (wt%)  in  the  heat-treated  lignin  as  a  function  of  the  heating 

193  rate.  The  formation  rate  of  residual  char  increased  with  an  elevation  of  the  heat  treatment 

194  temperature  up  to  800  °C  under  all  heating  rate  conditions.  From  the  obtained  results,  it  could 

195  be  expected  that  the  lignin  became  more  complex  with  a  more  condensed  structure  and  a 

196  large  amount  of  condensed  carbon-carbon  bonds  (high  structural  similarity  to  char)  as  the 

197  heat  treatment  temperature  was  increased  [36,  37]. 

198  Table  3  shows  the  maximum  decomposition  peak  (Vm)  and  the  temperature  (Tm) 

199  corresponding  to  Vm  in  the  DTG  curves;  both  the  TG  and  DTG  curves  are  displayed  in  Fig.  2. 

200  In  this  study,  two  representative  maximum  decomposition  peaks  (Vmi  and  Vm2)  with  their 

201  corresponding  temperatures  (Tmi  and  Tm2)  were  observed  (Fig.  2).  Regardless  of  the  heating 

202  rate,  Vmi  showed  a  decreasing  trend  with  increasing  heat  treatment  temperature  and  even 

203  disappeared  for  the  300-L  sample,  whereas  Vm2  exhibited  a  gradual  increase.  It  was 

204  previously  reported  that  Vmi  and  Vm2  originated  from  cleavage  of  the  P-O-4  linkage  and 

205  highly  condensed  carbon-carbon  bonds,  respectively  [24,  35].  The  results  of  this  study  seem 

206  to  be  consistent  with  those  of  prior  research  since  the  trend  in  Vmi  reflected  the  frequency  of 

207  the  P-O-4  linkage  in  heat-treated  lignins,  as  determined  by  the  DFRC  analysis  (Table  1).  It  is 
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208  also  interesting  that  an  increase  in  the  heating  rate  resulted  in  moderate  increases  of  both  Vm 

209  and  Tm  (Table  3).  According  to  Caballero  et  ah,  an  increase  in  Vm  with  a  rise  in  the  heating 

210  rate  could  be  attributed  to  the  facilitation  of  heat  transfer  between  the  surroundings  and  the 

211  internal  lignin  due  to  the  increased  thermal  energy  [38]. 

212 

213  3.3  Pyrolysis-GC/MS  analysis 

214  To  predict  the  structural  features  of  the  heat-treated  lignins,  a  pyrolysis-GC/MS  analysis 

215  was  perfonned.  GC-FID  chromatograms  of  the  pyrolysis  products  released  during  a  600  °C 

216  heat  treatment  over  20  s  for  control  and  300-L  are  described  in  Fig.  3  with  compound 

217  numbering.  A  total  of  41  kinds  of  pyrolysis  products  were  identified;  the  results  are  provided 

218  in  Table  4.  Based  on  their  phenyl  group  (C6)  structure,  the  pyrolysis  products  were  classified 

219  into  three  categories  (H-,  G-  and  S-type).  In  addition,  these  products  were  additionally 

220  divided  into  four  categories  (C6:  having  no  side  chain,  SP:  having  a  saturated  aliphatic  side 

221  chain,  UP:  having  an  unsaturated  aliphatic  side  chain  and  OP:  having  an  oxygenated 

222  functional  group)  on  the  basis  of  their  side  chain  type  (C3)  (Table  4  and  Fig.  4).  As  shown  in 

223  Fig.  3,  phenol  (1),  4-methylguaiacol  (8),  syringol  (15),  4-methylsyringol  (20), 

224  methoxyeugenol  (33),  and  sinapaldehyde  (41)  were  identified  as  the  main  pyrolysis  products, 

225  and  the  yield  of  these  products  was  considerably  affected  by  both  the  lignin  sample  and 

226  pyrolysis  temperature.  These  points  are  discussed  in  more  detail  in  the  following  section. 

227 

228  3.4  Predicting  the  structure  of  heat-treated  lignin  based  on  the  pyrolysis  products 

229  The  yield  of  pyrolysis  products  as  a  function  of  the  pyrolysis  temperature  is  presented  in 

230  Fig.  5  (products  classified  into  H-,  G-  and  S-types).  As  seen  in  Fig.  5(a)-(c),  a  relatively  lower 

231  amount  of  pyrolysis  products  were  released  from  300-L  in  the  low  temperature  region  (before 
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232  a  pyrolysis  temperature  of  550  °C)  when  compared  to  the  other  lignins,  regardless  of  the 

233  compound  type.  This  means  that  300-L  had  relatively  higher  thermal  stability  and  a  more 

234  condensed  structure  when  compared  to  the  other  samples.  The  obtained  findings  supported 

235  the  data  from  previous  studies,  where  it  was  reported  that  depolymerization  as  well  as 

236  excessive  condensation  occurred  simultaneously  at  high  temperature,  leading  to  the  formation 

237  of  a  highly  condensed  lignin  structure  [21,  22].  Another  possible  explanation  of  the  results 

238  was  that  the  300-L  sample  already  suffered  the  loss  of  volatile  compounds  such  as  phenol, 

239  benzoic  acid,  vanillin,  eugenol,  syringaldehyde,  and  sinapyl  alcohol  during  the  heat  treatment 

240  [24],  Meanwhile,  Fig.  5(d)  shows  that  a  relatively  higher  yield  of  total  pyrolysis  products 

241  were  released  from  300-L  when  compared  to  the  other  samples  after  the  550  °C  heat 

242  treatment.  Furthermore,  the  maximum  yield  of  pyrolysis  products  for  the  control,  150-L-, 

243  200-L,  and  250-L  samples  was  obtained  at  a  pyrolysis  temperature  of  500  °C,  whereas  that 

244  from  300-L  was  observed  at  600  °C.  Such  a  discrepancy  could  be  attributed  to  the  high 

245  thermal  stability  and  condensation  degree  of  300-L.  At  an  elevated  temperature  of  700  °C,  the 

246  yield  of  pyrolysis  products  decreased  for  all  lignins  due  to  an  enhancement  in  the 

247  decomposition  of  volatiles  to  low  molecular  weight  gaseous  products  such  as  Ff,  CH4,  CO, 

248  and  CO2  at  high  temperature  [39]. 

249  To  investigate  the  behavior  of  the  side  chain  (C3:  Ca-Cp-C7)  in  the  phenol  skeleton  (C6) 

250  during  the  heat  treatment,  the  pyrolysis  products  were  classified  into  C6,  SP,  UP,  and  OP 

251  based  on  their  side  chain-type.  The  yield  of  classified  pyrolysis  products  as  a  function  of  the 

252  pyrolysis  temperature  is  given  in  Fig.  6.  Hatakeyama  and  Hatakeyama  reported  that  the 

253  molecular  motion  of  lignin  was  characterized  by  the  type  of  side  chain  [40],  For  example, 

254  rigid  groups  or  cross-linking  in  the  side  chain  impeded  molecular  motion  and  raised  the  glass 

255  transition  temperature  (Tg),  whereas  bulky  side  chains  promoted  molecular  mobility.  In 
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256  addition,  Kubo  and  Kadla  found  that  the  thennal  mobility  of  lignin  was  considerably  affected 

257  by  the  side  chain  type  when  lignin  was  used  as  a  blending  material  [8].  Therefore,  it  is  very 

258  important  to  understand  the  side  chain  behavior  during  heat  treatment  for  efficient  utilization 

259  of  heat-treated  lignin  as  a  value-added  resource. 

260  As  shown  in  Fig.  6  (a),  the  yield  of  C6  compounds  was  significantly  higher  in  300-L 

261  when  compared  to  the  other  samples  in  the  high  temperature  region  (after  a  pyrolysis 

262  temperature  of  550  °C).  In  our  previous  study,  we  found  evidence  for  cleavage  of  the  side 

263  chain  (Ca-Cp-CY)  from  the  phenol  skeleton  (C6)  using  13C-NMR  analysis,  which  could  be 

264  confirmed  by  the  weakening  of  signals  at  86  -  60  ppm  in  Fig.  S3  [24] .  Thus,  it  could  be 

265  assumed  that  cleavage  of  the  side  chain  was  accelerated  at  300  °C,  leading  to  enrichment  of 

266  the  C6-type  lignin  structure  for  300-L.  Furthermore,  300-L  also  yielded  a  large  amount  of  SP 

267  compounds,  especially  C1C6  and  C2C6  compounds,  in  the  high  temperature  region,  whereas 

268  the  yield  of  the  C3C6  compound  was  lower  than  with  the  other  lignins  (Fig.  S4).  This  result 

269  also  supported  our  prior  assumption.  Meanwhile,  OP  compounds  from  300-L  showed 

270  relatively  lower  yield  when  compared  to  the  other  lignins.  Such  a  finding  is  in  agreement 

271  with  previous  work  by  Li  et  al.  [41],  where  it  was  revealed  that  the  content  of  oxygenated 

272  structures  in  lignin  decreased  rapidly  with  the  release  of  FLO,  CO,  and  COo,  especially  above 

273  290  °C. 

274 

275  3.5  Determination  of  the  S/G  ratio  of  heat-treated  lignin 

276  The  S/G  ratios  of  heat-treated  lignin  were  determined  at  all  pyrolysis  temperatures;  the 

277  results  are  presented  in  Table  5.  It  has  previously  been  reported  that  several  wet  chemistry 

278  methods,  including  thioacidolysis,  permanganate  oxidation,  and  nitrobenzene  oxidation  could 

279  be  employed  to  determine  the  S/G  ratio  of  lignin  [42-44].  However,  these  techniques  require 
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280  long  and  laborious  sample  preparation  procedures  and  large  sample  quantities  [45,  46].  In 

281  contrast,  pyrolysis-GC/MS  is  known  as  a  quick  and  highly  sensitive  method  for  investigating 

282  the  S/G  ratio  with  only  a  small  sample  amount  (pg  scale). 

283  Prior  studies  have  noted  the  importance  of  the  pyrolysis  temperature  when  investigating 

284  the  S/G  ratio  because  the  relative  amounts  of  H-,  G-,  and  S-type  compounds  from  lignin  may 

285  vary  significantly  depending  on  the  temperature  at  which  pyrolysis  is  conducted  [35,  47].  In 

286  the  current  study,  the  S/G  ratio  of  heat-treated  lignin  was  also  influenced  by  the  pyrolysis 

287  temperature.  Specifically,  the  S/G  ratio  of  300-L  drastically  decreased  from  3.6  (400  °C)  to 

288  1.9  (700  °C)  with  an  increase  in  the  pyrolysis  temperature,  while  the  ratio  of  the  other  lignins 

289  varied  from  2.4  to  1.9  for  the  control,  2.3  to  1.9  for  150-L,  2.4  to  1.8  for  200-L,  and  3.0  to  1.8 

290  for  250-L.  The  abnormally  high  S/G  ratio  of  300-L  in  the  low  temperature  region  could  be 

291  attributed  to  a  G-type  lignin  fragment  with  a  thermally  stable  structure  that  is  predominantly 

292  connected  with  condensed  carbon-carbon  bonds,  whereas  the  S-type  lignin  fragment  had  a 

293  relatively  less  condensed  structure.  Therefore,  S-type  compounds  such  as  syringol, 

294  syringaldehyde,  methoxyeugenol,  and  sinapadehyde  were  more  easily  released  in  the  lower 

295  temperature  region  (400  -  450  °C).  When  the  pyrolysis  temperature  was  increased,  the  S/G 

296  ratios  of  all  lignins  was  reduced  due  to  an  increase  in  G-type  compounds  from  the  promotion 

297  of  cleavage  of  condensed  carbon-carbon  bonds  between  G-type  lignin  fragments  at  high 

298  temperature.  At  a  pyrolysis  temperature  of  700  °C,  all  lignins  had  an  S/G  ratio  of  1.8  -  1.9, 

299  suggesting  that  this  temperature  was  not  suitable  for  detennining  the  S/G  ratio.  The  reason 

300  for  this  result  is  not  clear,  but  it  may  be  due  to  further  decomposition  of  volatiles  to  gaseous 

301  products  at  high  temperature. 

302 

303  4.  Conclusion 
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304  Heat-treated  lignins  produced  at  different  temperatures  (150,  200,  250,  and  300  °C)  were 

305  subjected  to  chemical/thermal  and  pyrolysis-GC/MS  analyses  in  order  to  investigate  their 

306  structural  characteristics.  Among  the  heat-treated  lignins,  300-L  showed  the  highest  thermal 

307  stability  as  well  as  the  greatest  degree  of  condensation  with  the  smallest  H/C  and  O/C  ratios. 

308  Pyrolysis-GC/MS  showed  that  phenol,  4-methylguaiacol,  syringol,  4-methylsyringol, 

309  methoxyeugenol,  and  sinapaldehyde  were  the  major  pyrolysis  products  and  their  yields  were 

310  clearly  influenced  by  the  lignin  sample  and  the  pyrolysis  temperature.  Due  to  cleavage  of  the 

311  side  chain  at  300  °C,  300-L  yielded  a  higher  amount  of  C6/C1C6/C2C6  compounds  than  the 

312  other  lignins  in  the  high  pyrolysis  temperature  region  (after  550  °C).  The  S/G  ratio  of  lignins 

313  was  also  detennined  based  on  pyrolysis-GC/MS  experiments,  indicating  that  the  value  of  this 

314  parameter  varied  not  only  due  to  the  lignin  sample,  but  also  the  pyrolysis  temperature. 

315 
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Highlights  (for  review) 


Journal  of  Analytical  and  Applied  Pyrolysis 


Predicting  structural  change  of  lignin  macromolecules  before  and 
after  heat  treatment  using  the  pyrolysis-GC/MS  technique 

Jae- Young  Kim,  Hyewon  Hwang,  Jeesu  Park,  Shinyoung  Oh,  Joon  Weon  Choi 

Highlight 

►  Milled  wood  lignin  was  subjected  to  a  heat-treatment  at  various  temperature  ranges. 

►  Structural  change  of  lignin  after  heat-treatment  was  investigated  by  Pyrolysis-GC/MS. 

►  Pyrolysis  products  was  significantly  dependent  on  the  lignin  and  pyrolysis  temperature. 

►  S/G  ratio  of  all  lignins  constantly  decreased  with  increasing  pyrolysis  temperature. 

►  Heat-treatment  at  300  °C  formed  new  condensed  sturucture  with  enrichement  of  C-C  bond. 
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Table  1.  Quantitative  analysis  of  DFRC  products  of  heat-treated  lignin 


Lignin 


Amount  (pmol/g  sample)a 
AcCL 


H3CO 


S/G  ratio 


OAc 

OAc 

Acetylated  Coniferyl  alcohol. 

Acetylated  Sinapyl  alcohol. 

Control 

414.7  (25.7) 

561.8  (28.3) 

976.6  (52.0) 

1.4 

150-L 

414.4  (22.9) 

527.8  (18.6) 

942.2  (41.5) 

1.3 

200-L 

229.2(1.7) 

387.5  (12.2) 

616.7(13.9) 

1.7 

250-L 

48.6(1.0) 

113.5  (4.4) 

162.1  (5.4) 

2.3 

300-L 

- 

- 

- 

- 

*  Data  are  means  of  triplicate  analyses  with  standard  deviation  in  the  parenthesis 
Ac  means  acetate  group 
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Table  2.  The  formation  rate  of  residual  char  in  TG  final  temperature  (800  °C)  with 
applying  different  heating  rate 


Lignin 

TG  -  Residual  char  (wt%) 

10  °C/mina 

100  °C/min 

200  °C/min 

Control 

25.6 

21.3 

20.8 

150-L 

26.6 

24.1 

26.6 

200-L 

24.5 

20.7 

22.5 

250-L 

28.4 

27.5 

31.6 

300-L 

34.3 

33.4 

35.0 

a  The  results  of  10  °C/min  were  referred  from  previous  study  [22] 
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Table  3.  Thermal  decomposition  characteristics  of  thermal  treated  lignin  with  applying 
different  heating  rate 


Lignin 

DTG 

10  °C/mina 

100  c 

C/min 

200° 

C/min 

vmlb 

rp  C 

A  ml 

Vn/ 

rp  C 

A  m2 

vml 

Tmi 

Tm2 

vml 

Tml 

Vma 

Tm2 

Control 

0.38 

290.6 

0.36 

359.4 

0.35 

330.2 

0.36 

402.5 

0.34 

366.7 

0.39 

423.1 

150-L 

0.36 

294.0 

0.32 

358.2 

0.37 

331.0 

0.35 

404.2 

0.33 

366.7 

0.38 

421.5 

200-L 

0.38 

296.1 

0.33 

358.9 

0.37 

332.7 

0.39 

405.0 

0.35 

368.3 

0.39 

423.1 

250-L 

0.30 

308.7 

0.38 

372.1 

0.28 

342.7 

0.41 

408.3 

0.33 

389.9 

0.40 

428.1 

300-L 

- 

- 

0.42 

382.3 

- 

- 

0.47 

415.8 

- 

- 

0.50 

433.1 

a  The  results  of  10  °C/min  were  referred  from  previous  study  [22] 

b  Vmi  and  Vm2  means  two  maximum  degradation  peak  (wt%/°C)  of  the  former  and  latter,  respectively 
c  Tmi  and  Tm2  (°C)  means  the  temperature  corresponding  to  Vmi  and  V,„2  (wt%/°C),  respectively 
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Table  4.  Yield  of  pyrolysis  products  of  thermal  treated  lignin  (600  °C,  20sec) 


Peak  No. 

RT 

Pyrolysis  products 

Type 

1 

19.9 

Phenol 

H/C6 

2 

23.7 

3 -methyl-phenol  (m-cresol) 

H/SP 

3 

24.8 

Benzyl  alcohol 

H/OP 

4 

25.7 

Guaiacol 

G/C6 

5 

28.5 

2 ,4-dimethylphenol 

G/SP 

6 

30.3 

6-Methylguaiacol 

G/SP 

7 

30.6 

1,2-Benzenediol 

G/C6 

8 

31.0 

4-Methylguaiacol 

G/SP 

9 

34.3 

3-methyl- 1 ,2-benzenediol 

G/SP 

10 

34.6 

3-methoxy- 1 ,2-benzenediol 

S/C  6 

11 

35.6 

4-Ethylguaiacol 

G/SP 

12 

35.9 

4-methyl- 1 ,2-benzenediol 

G/SP 

13 

37.8 

4-Vinylguaiacol 

G/UP 

14 

38.1 

3  -methoxy-5  -methyl-phenol 

G/SP 

15 

40.0 

Syringol 

S/C  6 

16 

40.4 

Eugenol 

G/UP 

17 

41.0 

4-Propylguaiacol 

G/SP 

18 

43.3 

Vanillin 

G/OP 

19 

43.7 

Isoeugenol  (cis) 

G/UP 

20 

46.1 

4-Methylsyringol 

S/SP 

21 

46.6 

Isoeugenol  (trans) 

G/UP 

22 

46.9 

Homovanillin 

G/OP 

23 

48.9 

Acetoguaiacon 

G/OP 

24 

50.4 

4-hydroxy-benzoic  acid 

H/OP 

25 

51.1 

4-Ethylsyringol 

S/SP 

26 

51.6 

Homovanillic  acid 

G/OP 

27 

54.0 

4-Vinylsyringol 

S/UP 

28 

55.6 

4-(oxo-allyl)-guaiacol 

G/OP 

29 

56.4 

4-propenylsyringol  (cis) 

S/UP 

30 

56.9 

4-propylsyringol 

S/SP 

31 

59.8 

4-propenylsyringol  (trans) 

S/UP 

32 

60.6 

Syringaldehyde 

S/OP 

33 

63.2 

Methoxyeugenol 

S/UP 

34 

64.7 

Acetosyringone 

S/OP 

35 

65.0 

C  onifer  aldehyde 

G/OP 

36 

65.1 

Coniferyl  alcohol  (trans) 

G/OP 

37 

66.1 

Syringyl  acetone 

S/OP 

38 

68.3 

Propiosyringone 

S/OP 

39 

68.4 

4-(oxo-allyl)-syringol 

S/OP 

40 

70.4 

Dihydrosinapyl  alcohol 

S/OP 

41 

72.9 

Sinapaldehyde 

S/OP 
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Table  5.  The  change  in  S/G  ratio  as  a  function  of  pyrolysis  temperature 


Pyrolysis  temperature 


400  °C  450  °C  500  °C  550  °C  600  °C  700  °C 


Control 

2.4 

1.8 

2.2 

2.0 

1.8 

1.9 

150-L 

2.3 

2.2 

2.1 

2.0 

2.0 

1.9 

200-L 

2.4 

1.9 

2.2 

2.1 

2.0 

1.8 

250-L 

3.0 

2.7 

2.4 

2.3 

2.2 

1.8 

300-L 

3.6 

3.0 

2.5 

2.3 

2.2 

1.9 
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Fig.  1.  Van  Krevelen  diagram  of  heat-treated  lignin 
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Figure(s) 
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Figure  2 


Fig.  2.  Thermo  Gravimetric  (TG)  and  Derivative  TG  (DTG)  curves  of  heat-treated 
lignin  (heating  rate:  100  °C/min) 
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Figure  3 


Fig.  3.  GC  chromatogram  of  the  pyrolysis  products  from  heat-treated  lignin  (pyrolysis 
condition:  600  °C,  20  s) 
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Fig.  5.  The  change  in  pyrolysis  products  yields  as  a  function  of  pyrolysis  temperature 


(classified  into  H-,  G-  and  S-type) 
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Fig.  6.  The  change  in  pyrolysis  products  yields  as  a  function  of  pyrolysis  temperature 
(classified  into  C6,  SP,  UP  and  OP) 


1 


Page  30  of  30 


